The road to solid organ transplant tolerance may be somewhat shortened with the discovery of several new biomarkers for tolerance, as reported by Martínez-Llordella et al. in this issue of the JCI (1). These studies represent a significant advance in the ongoing effort to wean liver transplant recipients off immunosuppressive drugs. While newer immunosuppression protocols have vastly improved acute rejection rates in solid organ transplantation over the past 20 years, success is still not without its price - the consequences of longterm immunosuppression, often resulting in renal toxicity, opportunistic infections, and/or lymphoproliferative disease, remain significant clinical concerns. Clearly then, the idea that select liver transplant recipients might withdraw from all immunosuppression with little or no risk to their allograft deserves attention.
Tolerance occurs in liver transplantation
The liver has long been appreciated to be a relatively immunoprivileged organ. For example, in some rodent models of transplantation, liver grafts are often spontaneously accepted without a need for any immunosuppression, and it has been proposed that unique populations of antigenpresenting cells and ECs that reside in the liver are responsible for this phenomenon (2, 3) . Studies of liver transplant recipients dating back to 1997 demonstrated that small numbers of patients could cease all immunosuppressive medications and still maintain a healthy graft (4) . This observation triggered a series of studies in which the prospective withdrawal of immunosuppression was attempted in small cohorts of liver transplant recipients. The first such study was performed at the University of Pittsburgh, where 19% of patients (n = 37) became drug free for at least 1 year (5). Subsequent studies in Japan and in the United Kingdom revealed that prospective weaning could be achieved in approximately 20% of enrolled patients. In these cases, weaning was successful in a total of 18 patients in the United Kingdom (6) and in a larger number in Japan (7, 8) . More recently, the Immune Tolerance Network has established its support of a study of immunosuppression withdrawal in pediatric, parent-to-child living-donor liver transplant recipients. Overall, these studies and others have led to the generally accepted estimate that 20% of livertransplanted patients may be successfully withdrawn from immunosuppression.
That 20% of patients might be spared the risks of long-term immunosuppression compels us to ask the question, can we identify these subjects a priori? One might similarly ask, can we do better than 20%? The answer to both of these questions lies in defining biomarkers that indicate a propensity for successful immunosuppression withdrawal and that more clearly define the state of allograft tolerance.
Can we predict tolerance?
In their current study, Martínez-Llordella, et al. appear to have taken us a major step forward by providing a relatively small set of robust markers that can distinguish tolerant from nontolerant liver transplant recipients and from healthy individuals (1). Using a combination of quantitative real-time PCR and flow cytometry techniques, the authors point to increases in the numbers of peripheral T cells using the gd antigen receptor, in particular those expressing the d1 form of the receptor, and to a difference in the activation state of circulating NK cells, as shown by a small set of differentially expressed genes. Critically, the predictive biomarkers were derived using a training set of samples and then validated in an independently gathered cohort of test-set patients. This work complements previously published reports of increased d1-gdTCR + T cells in the blood of tolerant liver transplant patients (7, 9, 10) , thereby giving further credence to this measure as a valid biomarker of tolerance in this setting. Importantly, given the relative ease with which these assays can be performed and their targeted list of differentially expressed genes (26 in total), these assessments can be easily validated for use in the clinic (Figure 1 ).
Do predictive markers tell us about mechanism?
The proposed biomarkers (1) patients tell us about how tolerance is achieved? The increased number of gdTCR + T cells, particularly d1-gdTCR + T cells, in the peripheral blood points to a redistribution of cells that are normally resident in the liver and intestinal epithelium (2, 3) . Since the liver is also known to be a major site of gdTCR + T cell development (2, 3, 11) , increased extrathymic development of these cells, in particular d1-gdTCR + T cells, may be induced by the initial inflammatory response elicited by the transplant. d1-gdTCR + T cells also compose the major subset of intestinal intraepithelial lymphocytes, again another potential site of extrathymic development (3). These gdTCR + T cells may have a tolerogenic capacity, as their expressed gene profile (confirmed by direct protein staining) was specifically altered in tolerant patients studied by Martínez-Llordella et al. (1) , with induction of molecules that may mark regulatory function. Other evidence for immune regulation in the tolerant patients studied here includes the elevated levels of CD25 + FoxP3 + CD4 + Tregs.
NK cells are another important part of the story. Both their numbers and their activation status differ markedly between tolerant and healthy controls or nontolerant liver transplant patients (1). Tolerant patients had activated NK cell-signaling pathways, members of which included a number of proinflammatory genes. Activated NK cells have been shown in liver infection and injury models to play a crucial role in recruitment of cells to the liver through a multistep cytokine/chemokine cascade (12, 13) . They also have been shown to modulate liver injury by balancing Th1 proinflammatory and Th2 antiinflammatory responses (2) . NKT cells, also part of the tolerant signature presented here, are believed to be antiinflammatory, as they have been shown to secrete IL-4 and have been protective in some animal models of autoimmunity (2, 11, 14) .
While the report by Martínez-Llordella et al. in this issue (1) paints a picture of tolerance at the systemic level by focusing on peripheral blood, it is likely that the "real action" happens in the liver. This is a microenvironment that is known to promote tolerance, a situation that most likely evolved to avoid responses to the continuous onslaught of foreign food and bacterial antigens that enter via blood draining from the intestines (2, 3) . In this environment, NK cells recruit T cells to the liver, where they encounter antigens in the presence of liver sinusoidal ECs (2, 3). Liver sinusoidal ECs promote the development of CD4 + T cells into regulatory, IL-4-, or IL-10-producing cell types (3, 15) . In addition, CD8 + T cells also may be induced to undergo apoptosis when primed in the liver (3, 16) . In fact, the genes encoding TP53 and CDKN1A, both associated with induced cell death (17, 18) , are among those found to be elevated in the peripheral blood of the tolerant liver transplant recipients in this study. Nonetheless, these ideas, while appealing, remain associations, and their ultimate relationship to immune privilege within the liver or to tolerance to liver transplants remains speculative.
Also unknown is the extent to which the tolerance signature identified by Martínez-Llordella et al. (1) can be extended to recipients of other types of organ and tissue grafts. It is possible that the biomarkers are "universal" for transplant tolerance but more likely that differences in organs, treatment regimens, and degrees of tissue compatibility will alter the profile of tolerance in individual patients, as is suggested by emerging studies in tolerant renal transplant recipients (19, 20) .
Regardless of mechanism, Martínez-Llordella, et al. (1) have taken important steps forward in making transplant tolerance a clinical reality for a large subset of liver transplant patients. With these biomarkers in hand, prospective immunosuppression
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Schema illustrating how potential signatures of tolerance in liver transplant recipients can be utilized. In their current study in this issue of the JCI, Martínez-Llordella et al. (1) have defined new markers in the peripheral blood of liver transplant patients that correlate with a state of tolerance. This finding has significant implications for the clinic, where these signatures can serve as a screening tool for patient management. Liver transplant recipients on standard-of-care immunosuppression can be screened for these defined tolerance signatures based on expressed gene profiles and cell subsets, as measured by microarray, quantitative real-time PCR, and flow cytometry. If patients score positively for the "protolerance" signature, a program of immunosuppression withdrawal would be initiated, leading to a potential increase in the proportion of liver transplant recipients who can live free of immunosuppressive drugs, thereby improving long-term outcomes and quality of life.
withdrawal studies may employ more personalized, science-based decision making, stratifying patients according to validated assessments for their propensity for tolerance. As well, these findings provide a basis for new studies in both humans and animal models to better understand solid organ transplant tolerance and the important and unique contributions that the liver, an immune organ itself, makes to the tolerance process following liver transplantation. 
